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ABSTRACT
We present here the analysis of giant micropulses from the Vela pulsar. A total of 4187 giant mi-
cropulses with peak flux density >2.5 Jy were detected during almost 4 hours of observations carried
out with the Yunnan 40-m radio telescope at 6800 MHz. Nine of the giant micropulses arrived approx-
imately 3 to 4 ms earlier than the peak of average pulse profile, longer than that at lower frequencies.
The remaining giant micropulses were clustered into three distributions which correspond to three
main emission regions, including four occurring on the trailing edge of averaged profile. We find that
the peak flux density distribution follows a power law with index α ≈ −4. Furthermore, a certain
amount of memory is present from the giant micropulse waiting time distribution. Possible emission
mechanisms are discussed.
Keywords: pulsars: general – pulsars: individual (Vela) – radiation mechanisms:non-thermal
1. INTRODUCTION
Vela pulsar (PSR J0835−4510 or B0833−45) is a
multi-wavelength emitting, young, close, luminous and
isolated neutron star associated with the Vela supernova
remnant in the constellation of Vela. It is known to emit
giant micropulses with high peak flux density and nar-
row pulse width, which are located at the leading edge
Corresponding author: Z. G. Wen
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of the pulse profile both at 660 MHz and 1413 MHz
(Johnston et al. 2001). No genuine giant pulses have
been detected since their mean flux densities do not ex-
ceed 10 times the mean flux density of average pulse
profile, according to the working giant pulse definition
(Knight 2006). The giant micropulses at 2.3 GHz were
observed to have a power-law distribution of flux density
with a slope of −2.85 (Kramer et al. 2002). Consecutive
bright radio pulses with five times the flux of the aver-
age pulse were detected at 1440 MHz, which suggests
that the individual bright pulses may not be indepen-
dent random events (Palfreyman et al. 2011).
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At lower observing frequencies, the pulse scatter
broadening smooths over the microstructure features,
and the pulse intensity fluctuates in time and frequency
domains caused by the interstellar scintillation. These
effects can be ruled out at higher frequencies. Nonethe-
less, no giant micropulses above 2.3 GHz have been men-
tioned in the literatue. Furthermore, whether giant mi-
cropulses are limited in the leading edge of the average
pulse profile, and whether they evolve with observing
frequencies, are necessary to be investigated. No strict
naming convention for giant micropulses has been for-
malized. In this paper, we present results of giant mi-
cropulse emission (peak flux density >2.5 Jy) from the
Vela pulsar at higher frequency. The nomenclature of
giant micropulse will be used here for continuty. In Sec-
tion 2, we describe our observations and data reduction.
We show the results on giant micropulse emission in Sec-
tion 3. In Section 4, we discuss our findings.
2. OBSERVATIONS AND DATA REDUCTION
The Vela pulsar was observed on 17 August, 2019 us-
ing the Yunnan 40-m radio telescope in a frequency band
centered at 6800 MHz. The orthogonal linear polar-
izations with a bandwidth of 800 MHz (∼508 MHz is
usable) were injected into a cryogenic receiving system.
Then the output power was recorded with 1024 channels
over the passband using a ROACH21 based digital fil-
terbank system with an effective sampling time of 40.96
µs.
Observations of individual pulses from the vela pulsar
allowed us to perform a variety of analysis techniques
which we describe below. Before performing the anal-
ysis, data were converted into the filterbank format re-
quired for the SIGPROC2 analysis package, and only
the total intensity (Stokes I) was preserved. The radio
frequency interference (RFI) was rejected by excluding
narrow band as well as bursty broad band RFI by vi-
sual inspection. Incoherent de-dispersion was performed
to remove sub-channel dispersive smearing using a dis-
persion measure (DM) of 67.97pc cm−3(Petroff et al.
2013). Then, the data were folded to 2182 phase bins
across the period with the ephemery of the pulsar, using
the TEMPO3 package to obtain a single pulse sequence
for further analysis. In total, almost 4-hour successive
observations we observed over 150,000 rotations of the
pulsar.
Subsequently, the temporally resolved pulses were
converted to flux based on a nominal system temper-
1 https://casper.berkeley.edu/wiki/ROACH2
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ature of 40 K and efficiency of 50% for the C band re-
ceiver, since no flux calibrators were observed. With
these values, the average flux density is measured to be
7.3± 1.8 mJy by integrating intesity of the folded pulse
profile over the entire period. Generally, the pulsar spec-
tra follow a simple power law Sν ∝ ν
α, where Sν is the
mean flux density at the observing frequency ν and α
is the spectral index (Sieber 1973). However, the Vela
pulsar presents a broken power-law spectral form with
a spectral index of −0.55± 0.03 before and −2.24± 0.09
after a spectral break at 880±50 MHz (Jankowski et al.
2018). According to the recent measure of the mean flux
density (7±4 mJy) at 5000 MHz (Zhao et al. 2019), the
derived mean flux density from the power-law relation-
ship at 6800 MHz is 3.58±2.11 mJy, which is consistent
with our measurement.
A pulse phase blind search algorithm was carried out
to select giant micropulses in the whole de-dispersed
timestreams, which are required to have signal-to-noise
ratio (S/N) larger than 10. The detection threshold cor-
responds to a limiting flux of 2.5 Jy. This yielded a com-
plete sample of 4187 giant micropulses were detected,
most of which are close to the detection threshold.
3. RESULTS
Figure 1 shows where the giant micropulses arrive rel-
ative to the average pulse profile. Three main emission
regions correspond to the leading, central and trailing
components of the average pulse profile, and the phase
boundaries are shown with vertical dashed lines. The
giant micropulse emission are present at a wide phases,
not just prior to the main pulse window as reported
by Johnston et al. (2001). Three clusters are presented
with four giant micropulses falling in the trailing edge of
the pulse profile, which are consistent with three main
emission regions. It is worthy to note that nine giant
micropulses appear at the pulse phase prior to the nom-
inal main emission window. The maximum phase jitter
between giant micropulses and the main pulse peak is
measured to be ∼4 ms, which is greater than that of 2.2
ms at 1413 MHz (Johnston et al. 2001). The brightest
of these has a peak flux density in excess of 21.8 Jy,
almost 40 times the peak flux density in the integrated
pulse profile. Very little overall effect on the integrated
profile is resulted from these giant micropulses. This
may give an indication of the nature of the pulse emis-
sion process.
In order to identify whether the giant micropulses are
originated from the Velar pulsar or terrestrial interfer-
ence, the selected signals with S/N above the detection
threshold are reprocessed with DM varying from 0 to
140 pc cm−3 in steps of 0.14 pc cm−3. To each DM,
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Figure 1. The folded pulse profile (black solid curve) and
the giant micropulses as a function of pulse phase. The
boundaries are plotted with blue dashed lines to distinguish
the three main emission regions. It is noted that three clus-
ters of giant micropulses (indicated with cyan, magenta and
green points) are consistent with the three main emission
components shown in the average pulse profile. Nine gi-
ant micropulses indicated with red points are confined to
the leading edge of the profile. The histogram of giant mi-
cropulse distribution in pulse phase is plotted, and three clus-
ters are indicated with corresponding colours. The fluxes of
the giant micropulses are as measured in the 40.96 µs binned
timestream used to find them.
the time series after de-dispersion are shown in the lower
left panels of Figure 2. The burst dissolves as the DM
increases or decreases from the nominal DM of 67.97
pc cm−3, which provides a significant criterion for iden-
tifying a real burst. We are confident that the giant
micropulses presented are not influenced by spurious
signals after visual inspection, since no sources of in-
terference are seen with dispersion like that of the Vela
pulsar. Then the DM of a giant micropulse is calculated
from the maximum amplitude over the whole pulse pe-
riod (shown in the lower right panels). The middle left
panels present four example dynamic spectra of the de-
tected pulses. The ν−2 dispersive sweep of the burst
is clearly shown in the patchy spectra, which further
demonstrates the authenticity of the pulses. Figure 3
shows the histogram for the DMs derived from all giant
micropulses. The mean value of DM is 67.39±6.26 pc
cm−3, which is in agreement with the value published
by Petroff et al. (2013).
As reported by Johnston et al. (2001), a threshold of
R larger than 25 was taken to pick out the giant mi-
cropulses at 1413 MHz. The R parameter is defined as
Ri = (MAXi −mi)/σi, where MAXi is the maximum
intensity, mi is the mean intensity and σi is the rms
in the ith bin. The phase-resolved R at 6800 MHz is
shown in Figure 4. Two peaks are clearly presented in
the leading and leading edge of the pulse, which implies
the existence of giant micropulses with extremely high
amplitude with respect to the mean intensity in these
phase ranges. And the value of R decreases exponen-
tially in the center and trailing of the pulse, which is
inconsistent with the Gaussian statistics at 1413 MHz.
As shown in Figure 1, the giant micropulse emission in
the center component have higher occurrence rate and
higher amplitude than that in the trailing component.
Furthermore, none detection of giant micropulses with
significant R-value occur in the bump region.
The main panel of Figure 5 shows a scatter plot of
peak flux density and the full width of half maximum
(FWHM) for detected giant micropulses. The pulse
broadening caused by inner-channel dispersion (1.4 µs)
and scattering (1.0 ns) is negelected due to high observ-
ing frequency. To obtain the FWHM, a Gaussian func-
tion is adopted to fit each giant micropulse. The posi-
tion of the center of the peak is kept fixed with the pulse
phase of the maximum value. Then FWHM is given by
2
√
2ln(2)σ, where σ is the determined parameter using
the least-square method. The giant micropulses have
timescales (<1.55 ms) much smaller than that of the av-
erage pulse profile (2.62 ms). As can be seen, the major-
ity of giant micropulses tend to cluster in width of 50 to
500 µs. In this interval, the width of a giant micropulse
seems to be independent of its peak flux density, which
is consistent with the result at 2.3 GHz (Kramer et al.
2002). The pulse-to-pulse energy distribution is served
as one of the important differentiator between various
emission processes (Burke-Spolaor et al. 2012). Proba-
bility density function (PDF) for the peak flux densities
is shown in the upper panel, which is well described by
a power law. The slope, obtained via least-square fit-
ting, is give by α = −3.54± 0.04, which is the steepest
distribution to our best knowledge. While a logarith-
mic normal distribution is presented for the PDF formed
from the peak flux densities of normal pulses, as shown
in Figure 6. The distinctive distributions between giant
micropulses and normal pulses may indicate their dif-
ferent emission mechanism. The pulse energies of the
bursts from the Vela pulsar do not exceed 10 times the
corresponding mean quantity. Nevertheless, the peak
flux densities of the bursts are very large in absolute
terms. For example, the brightest pulse detected corre-
sponds to a peak flux density of approximately 28 Jy,
which is 46 times the peak flux density of averaged pro-
file. The pulse width PDF is given in the right panel,
which clearly shows a normal distribution centered at
around ∼250 µs. In order to test if the pulse width
PDF is multimodal for FWHM> 50 µs, we model it as
a sum of Gaussian distributions and a lognormal distri-
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Figure 2. Examples of detected giant micropulses in different pulse phases. The upper panel is a time series graph showing
the amplitude of the burst at DM=67.97 pc cm−3(red solid curve). The averaged pulse profile is shown as black dashed line for
comparison. Middle left panel: the time-frequency colour map shows the ν−2 dispersive sweep of the burst. The bandpass rolls
off at the edge of the observing frequency. The dashed white lines illustrate the expected sweep for DM=67.97 pc cm−3. The
de-dispersed spectra is projected to the middle right panel. Lower left panel: the DM-phase colour-coded diagram generated by
de-dispersing the signal with DM varying from 0 to 140 pc cm−3in steps of 0.14 pc cm−3. The lower right panel is a DM-S/N
graph calculated from the maximum amplitude over a whole pulse period. The measured DM, FWHM and peak flux density of
the giant micropulse are listed on the title.
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Figure 3. Histogram of the DM from the detected giant mi-
cropulses. The red dashed curve stands for the constrained
optimal Gaussian distribution with the best fitting parame-
ters shown in the text.
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Figure 4. R-parameter as a function of pulse phase at 6800
MHz.
bution. Models composed of one and up to three Gaus-
sians and a lognormal distribution are tested against the
data. The best fits obtained are presented in the right
panel of Figure 5. Table 1 gives the parameters of the
models using the maximum likelihood technique. The
lognormal distribution gives the best description of the
pulse width PDF using the Akaike information criterion
(AIC, Akaike 1974). We note, however, that distinc-
tive distributions are presented for the phase resolved
pulse width distributions as shown in Figure 7. The his-
tograms of pulse widths for the first and third clusters
both show normal distributions, where the third cluster
has a greater typical width than the first cluster. While,
a lognormal distribution is presented for the pulse width
histogram for the second giant micropulse cluster. The
best-fit values of the amplitude α, the mean µ and the
Table 1. Results of the fits and the AIC applied to the pulse
width PDF modeled as a sum of Gaussian components and
a lognormal distribution.
Parameters 1-G 2-G 3-G Lognormal
α1 1 0.73 0.66 1
µ1 0.23 0.22 0.23 -1.30
σ1 0.15 0.12 0.10 0.66
α2 ... 0.27 0.04 ...
µ2 ... 0.48 0.08 ...
σ2 ... 0.28 0.02 ...
α3 ... ... 0.30 ...
µ3 ... ... 0.46 ...
σ3 ... ... 0.27 ...
R-square 0.93 0.96 0.98 0.95
AIC 888.49 198.64 208.80 168.88
∆n 719.61 29.76 39.92 0
ωn 10
−157 10−7 10−9 ∼1
Notes. The label n-G in each column denotes the model of
a sum of n Gaussians. α, µ and σ are the weight, mean and
the standard deviation of the component of the sum of
Gaussians. AIC, ∆n and ωn represent the AIC value, the
relative AIC respect to the model with the minimum AIC
value, and the Akaike weights of the model, respectively.
R-square stands for the value of goodness of fit.
Table 2. The best-fit parameters for the pulse widths of
three phase clusters. The C1 and C2 are fitted with normal
distributions, and C3 is fitted with a lognormal distribution.
Parameters α µ σ
C1 177±3 0.238±0.002 0.116±0.002
C2 79.5±0.9 -1.336±0.002 0.476±0.007
C3 54±3 0.53±0.02 0.33±0.02
standard deviation σ of normal distributions for C1 and
C3 and a lognormal distribution for C2 are listed in Ta-
ble 2.
In order to investigate whether a giant micropulse is
related to or independent of the previous one, the inter-
vals between successive giant micropulses (waiting time,
∆t) are calculated. The statistics of waiting time is in-
tensively studied for solar flares, which can provide crit-
ical information about how an individual event occurs
(Wheatland 2000). The waiting time PDF shown in
Figure 8 presents a domination of short waiting times
(<25 periods), which indicates the production of giant
micropulses occur in clusters, in other words, with a
certain amount of memory. It leads us to interpret the
distribution of giant micropulse waiting time with the
6 J. L. Chen et al.
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Figure 5. Lower left panel: scatter plot of width and peak
flux of 4187 giant micropulses. Upper left panel: PDF of
peak flux densities along with the best fit power law prob-
ability distribution corresponding to α = −3.54 ± 0.04 in
log-log space. The most energetic pulse in our sample has
a peak flux density ∼28Jy. Lower right panel: PDF of gi-
ant micropulse widths. The majority of giant micropulses
tend to cluster in width of 50 to 500 µs. The best fits with
one, two and three Gaussians and a log-normal distributions
are indicated with blue, red, green and cyan dashed lines,
respectively.
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Figure 6. PDF of the peak flux densities for the normal
pulses (blue) and detected giant micropulses (red) from the
Vela pulsar. The yellow dashed line shows the expected log-
arithmic normal distribution which fits the PDF for the nor-
mal pulses well. While the PDF for the giant micropulses
can be well described by a power-law distribution.
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Figure 7. Histograms of pulse widths for the three phase
clusters of detected giant micropulses. The expected normal
distributions for C1 and C3 are shown with dashed curves
in corresponding colours. While, the histogram for C2 has a
rough lognormal distribution.
Weibull distribution:
P (∆t) =
k
β
(
∆t− θ
β
)k−1e−(
∆t−θ
β
)k , (1)
where β is the reciprocal of the mean occurrence rate.
Using the maximum-likelihood estimation, the best fit-
ting coefficients are k = 0.66 ± 0.01, β = 28.71 ± 1.09,
θ = 1.69 ± 0.05 and R-square = 0.99. A k < 1 im-
plies that the probability of a giant micropulse occur-
ring decreases with time, namely, the giant micropulse
occurrence is clustered. A θ > 0 describes that the oc-
currence probability is zeros for consecutive giant mi-
cropulses. The estimated occurrence rate is higher than
that calculated from our observation, which appears to
be resulted from the clustering effect. A simple Pois-
son process, where the probability of a giant micropulse
occurring is time invariant, produces an exponential dis-
tribution, which is fitted poorly as shown in the yellow
dashed line. The best-fitted power-law distribution with
an index of −0.97±0.02 does not fit the waiting time dis-
tributions well, as shown in Figure 8.
4. DISCUSSION
The origin of giant pulses has been remaining a mys-
tery since the discovery of giant pulses from Crab pulsar
(Staelin & Reifenstein 1968). The generation of giant
pulse activity was pointed to be an intrinsic phenomenon
within the pulsar (Hankins 1971). The Giant pulses are
supposed to be the product of induced Compton scat-
tering of the radio radiation off the plasma in the pulsar
magnetosphere (Petrova 2006). The extremely high
intensity is as well caused by an enhanced number of
charges partaking in the nonthermal, coherent radia-
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Figure 8. Waiting time distributions of detected giant mi-
cropulses (blue solid line). The best-fit Weibull (red), power-
law (cyan) and exponential (yellow) distributions are pre-
sented with dashed lines, respectively.
tion processes (Hankins et al. 2003). Alternatively, the
origination of giant pulses is proposed from the coher-
ent instability of plasma near the magnetic equator of
light cylinder (Wang et al. 2019). Singal & Vats (2012)
suggested that the giant pulse emission and nulling
may be opposite manifestations of the same physical
process. The giant pulses are suggested to occur in
pulsars with extremely high magnetic fields at the light
cylinder of BLC > 10
5 G (Cognard et al. 1996). There-
fore, the giant pulses are proposed to be originated
near the light cylinder (Istomin 2004). However, the
giant pulses are also detected in the pulsars with ordi-
nary magnetic fields at the light cylinder of BLC < 100
G, such as PSRs B0031−07 (Kuzmin & Ershov 2004),
B1112+50 (Ershov & Kuzmin 2003), J1752+2359
(Ershov & Kuzmin 2005), B0950+08 (Smirnova
2012). B0656+14 (Kuzmin & Ershov 2006),
B1237+25 (Kazantsev & Potapov 2017) and B0301+19
(Kazantsev et al. 2019), and it does not seem to sup-
port the high BLC hypothesis. The Vela giant mi-
cropulse emission physics maybe independent on the
high magnetic field at the light cylinder. Although
the Vela’s BLC is about 20 times smaller than that
of PSR B1937+21 and the Crab pulsar, it is still in
the top 5% of pulsars with BLC estimate. The giant
pulses from PSR J1824−2452A occur in narrow phase
windows that correlate in phase with X-ray emission,
and the two emission phenomena likely originate from
the similar magnetospheric regions but not the same
physical mechanism (Knight et al. 2006). In order to
reveal the nature of the giant micropulses, simultaneous
radio and X-ray observations on the Vela pulsar will be
required.
Considering a scenario of narrow band emission, the
high-frequency emission is assumed to be generated at
low altitude and vice verse, called radio-to-frequency
mapping (RFM) (Cordes 1978). This empirical rela-
tionship is well demonstrated from the Vela pulsar, the
integrated pulse profile becomes narrower and narrower
along with the increasing frequency (Liu et al. 2019).
Plausible interpretations are proposed for the two types
of giant micropulse emission. The giant micropulses
may originate from two different emission regions in the
pulsar magnetosphere. A certain amount of memory
shown in the occurrance of giant micropulses may indi-
cate that the normal giant micropulses are likely arised
from the homologous region with the normal pulse emis-
sion, but with a different plasma state, since they are
coincident with averaged profile in pulse phase. For in-
stance, the fluctuations in the number of charges partak-
ing in the coherent radiation process that gives rise the
intense variation in the net radio emission of the pulse
intensity, These kind of giant micropulses are emitted
with high occurrance rate, because the frequent turbu-
lence of plasma in the inner acceleration region could
result in the enhancement of subbeam emission. While
the leading giant micropulses are likely originated from
a higher altitude within the same magnetic flux tube
than the normal pulses. In this model, the giant mi-
cropulses are supposed to be accompanied by normal
pulse emission, which are shown in some cases. How-
ever, according to the RFM, the higher frequency the
narrower pulse width, which is inconsistent with the fact
that our observed jitter in the arrival times at 6800 MHz
is greater than that at lower frequencies. Therefore, the
giant micropulses at different frequencies may be emit-
ted from different magnetic field lines. The giant mi-
cropulse emission region at higher frequency is closer to
the last open dipolar field lines than that at low fre-
quency.
The Vela pulsar is known to be active in glitching, at
least 7 glitches have been reported since 2003 4. An
intensive single-pulse observing campaign of the Vela
pulsar at 1376 MHz showed that the pulse profile var-
ied temporally, and was affected with a micro-glitch
(Palfreyman et al. 2016). Furthermore, recent analy-
sis of the 2016 glitch in the Vela pulsar, the accom-
panying alteration of the magnetospheric was observed
(Palfreyman et al. 2018). Therefore, the detailed phase
distribution of giant micropulses possibly provide ad-
ditional clues on how the magnetosphere changes. As
suggested by Palfreyman et al. (2016), the widening of
4 http://www.atnf.csiro.au/research/pulsar/psrcat/
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emission cone could be caused by a glitch since the
emission beam approaches the line of sight. Mean-
while, the giant micropulse distribution broadens under
the assumption that both regular and giant micropulses
originate from the same emission region. Futhermore,
The glitch could lead to the increase of the plasma
density in open field lines. The coherent instabil-
ity enhances due to plasma oscillation. Then the gi-
ant micropulses within the emission window emerge,
which broadens the distribution. The variation of pulse
phase distribution of giant micropulses after the 2016
glitch is the topic of continuing observations. The ra-
dio spectrum of giant pulses shows a power-law distri-
bution, its spectral index is compared to the average
pulse value for a pulsar (Popov et al. 2006). The giant
pulses do not occur simultaneously in both frequency
ranges (Popov & Stappers 2003). Our detected giant
micropulse rate at 6800 MHz is 1/36, which is higher
than the previous bright pulse rate at 1376 MHz. The
rate of bright pulse activity was reported to increase af-
ter some micro-glitches (Palfreyman et al. 2016). There-
fore, this increase in statistics is possible to be affected
by the glitches. The separation of giant pulse emission
regions at lower frequency is larger than that at higher
frequency for PSR B0031−07 (Kuzmin & Ershov 2004),
which is contrary to the Vela pulsar. Therefore, the
temporal evolution is preferrable to cause the observed
difference in the pulse phase distribution of giant mi-
cropulses.
Further long-term simultaneous multi-frequency sin-
gle pulse observations with full Stokes parameters would
be very worthwhile in discerning the pulse emission
mechanism and glitching process.
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